AND CONCLUSIONS
INTRODUCTION
Work from a number of laboratories has established that a high degree of neuronal differentiation, including extensive synapse formation, can be expressed in tissue cultures of the central nervous system (see ref 8, 21 for reviews). The visual resolution and experimental accessibility of dissociated cell cultures of brain and spinal cord make such cultures attractive material for the study of central synaptic mechanisms (6, 7, 12, 27) . The technical advantages of the cell cultures are particularly striking in contrast to the complexity and inaccessibility of the intact central nervous system, but the information gained from these simplified central nervous system preparations must be interpreted with due regard for their limitations. The cell culture methodology involves a total disruption of the complex and specific anatomical organization of the nervous tissue. This and the nearly complete nutritional dependence of the cells on the culture medium represent both experimental opportunities and substantial constraints on the system.
Previous papers from this laboratory (27, 30) have defined some properties of two major classes of neurons in the mouse spinal cord culture system: the spinal cord (SC) and dorsal root ganglion (DRG) cells. In the present series of papers we address several questions of neuronal function and synaptogenesis in mouse spinal cord, exploiting some of the advantages of the cell culture system. First we describe in more detail the morphologic and electrophysiological properties of the SC and DRG cells. In the second paper (32) we present some quantitative studies of synaptic interaction between the different cell types, with some qualitative description of synaptic circuitry in the cultures. In the third paper (3 1) a number of features of the chemosensitivity of the neurons and presynaptic terminals are described and the relationship of the chemosensitivity to synaptic action discussed. In the fourth paper (26) we report the effects of a simple, long-term manipulation of the culture medium which interferes with inhibitory synaptic transmission, and the role of inhibitory synaptic action in regulating circuit behavior in the cultures is dealt with. Preliminary ac-counts of some of this work have appeared elsewhere (22, 23, 35) .
MATERIALS AND METHODS

Cell culture
Previously published methods (27) for the preparation and maintenance of spinal cord cell cultures have been substantially modified and our current methodology will be described in some detail.
Spinal cords were taken from 12-to Wday-old mouse (C57BILI) embryos.
The age of the fetuses used was critical in our experience in that younger or older ones did not yield good, healthy cultures. The pregnant mice were killed by placing them in a CO, atmosphere for 2 or 3 min and then fracturing their necks. The CO, narcosis produced unconsciousness without the possible damage to tissue of chloroform or ether anesthesia. The embryos in their sacs were removed and placed in a 6U-mm culture dish containing DISGH solution. Each spinal cord took about 1 min to remove.
The DISGH was made up of 50 ml of 20x concentrated Puck's Dl salt solution (Colorado Serum), 6 g glucose, and 15 g sucrose per liter and 10 mM HEPES buffer, pH 7.3. The complete solution was adjusted to 330 mosM with water, if necessary, in order to bring it to the same osmolarity as that of the nutrient medium to be used.
Following dissection, up to four or five spinal cords were placed in an empty, sterile 35mm petri dish and minced with iridectomy scissors until the mass of tissue appeared almost gelatinous. This tissue was taken up in 1.5 ml of nutrient medium with a Pasteur pipette, and transferred to a sterile 15-ml centrifuge tube. The nutrient medium (MEM IWO) consisted of 80% Eagle's minimal essential medium (ME M, Gibco) and added glucose (600 mgilO0 ml),' 10% heat inactivated (56°C for 30 min) horse serum (HS, Gibco), and 10% fetal calf serum (FCS, Gibco). NaHC03
(1.5 g/liter) was added to the medium to increase its buffering capacity so that it could be incubated in a 90% air-lo% CO2 atmosphere.
No antibiotics were used. The tissue fragments in the centrifuge tube were mechanically dissociated by trituration, using the Pasteur pipette to take up and gently expel the suspension 5-10 times. The resulting suspension was allowed to settle for a few minutes and the supernatant was removed and saved. One milliliter of MEM 10110 was added to the remaining pellet and the trituration procedure was repeated using a Pasteur pipette with a slightly narrowed 1 In earlier experiments Dulbecco-Vogt modified Eagle's medium (DMEM, Gibco) was used in place of MEM with added elucose (see ref 26).
orifice (achieved by flaming the tip). After again allowing the suspension to settle, the supernatant was again removed and added to that previously collected. This cycle of resuspension and trituration was continued until the supernatant volume reached about 1 ml per spinal cord (Le., 4-5 ml) . This final suspension was plated on collagen-coated (see below) 35-mm-diameter tissue culture plates (Falcon) by adding 0.5 ml of the suspension (about 1.5 x 106) cells to plates containing 1 ml of MEM 10110 which had been preincubated for about an hour so that the pH and temperature of the medium were equilibrated to the incubation conditions (10% C02-90% air and 36°C).
Collagen-coated culture dishes were prepared in the following manner: a collagen solution was made by adding 50 mg of calf skin collagen (Calbiochem; this comes in 50-mg vials and the collagen may be treated as though it were sterile) to 100 ml of sterile, 1: 1000 glacial acetic acid solution This mixture was stirred continuously at room temperature.
Dissolving the collagen could take as much as 12 h, and even after this period the solution sometimes appeared slightly cloudy. One drop of the collagen solution from a Pasteur pipette is sufficient to spread out and coat a 35-mm culture plate. The covered plates can be air dried or, if necessary, dried rapidly in an oven at a temperature no greater than 60°C. The freshly plated cultures were incubated for 3-5 days before their first medium change with 1.5 ml of MEM 10110. The second medium change was done after 2 days and if, as was usually the case, the nonneuronal background cells were confluent at this time, the change was made using medium from which FCS was deleted (MEM lo), and to which was added 5'-fluoro-2'-deoxyuridine (Fd U) plus uridine (final concentrations of 15 and 35 &ml, respectively). Occasionally the FdU treatment was postponed until the third change if the background cells were not confluent at the time of the second changes The FdU served to control the rapid division of the background cells and possibly enhanced neural differentiation ( 12). The MEM with FdU and uridine was changed after 2 days and all subsequent changes were made twice a week using MEM 10 alone. Cultures prepared in the manner described above were allowed to mature for about 3 wk prior to study and could routinely be maintained for periods up to and sometimes exceeding 2 mo. At about 2-3 wk, some loss of neurons regularly occurred after which the cultures stabilized.
Electrophysiology
The details of the experimental arrangement for electrophysiologic studies have been described elsewhere (27 Temperature  was  controlled at 35-37°C and pH maintained at physiologic levels by exposing the culture to a gas mixture of 10% C&90% air. Evaporation was eliminated by applying a thin layer of mineral oil to the surface of the medium. All recording was done intracellularly using 4 M K+ acetate-(pH 7.6) filled pipettes having resistances of 20-60 MLR.. A bridge circuit was used for simultaneous current passage and voltage recording from the impaling microelectrode.
In some cases independent current-passing and voltage-measuring electrodes were inserted in the same cell. The details of these experimental arrangements will be presented in the RESULTS section. A penwriter provided a continuous record of membrane potential but attenuated high-frequency voltage fluctuations which were photographed using a Grass camera when desired. Some of the Grass camera pictures were retouched slightly to improve clarity. Most recording was done with the cultures bathed in growth medium, but this was replaced in some experiments with a balanced salt solution (BSS) not containing serum, amino acids, or other additives.
The ionic composition of this salt solution was the same as for DMEM except K+ was 3.0 or 4.0 mM; and Tris buffer (10 mM) replaced the bicarbonate buffer of DMEM. Sucrose was added to bring the osmolarity of the BSS to 330 mosM* The cultures survived for many hours in this medium and alterations in the ionic composition could be made more easily with this BSS as the basic solution than with the complete growth medium.
Histology
Cultures were photographed in the living state with phase-contrast optics. Silver staining was performed using a modification of the Bielschowsky technique of Sevier and Munger (36) which has been previously described (11). For light microscopy, 13-day fetal and adult mouse spinal cords were fixed by immersion (fetal) or transcardial perfusion (adult) with 2.5% glutaraldehyde, postfixed in 1% OsO,, stained en bloc with 1% uranyl acetate, dehydrated, and embedded in Epon. One-micrometer-thick sections were collected on glass slides and stained with hot 0.1% toluidine blue in 1% sodium borate buffer.
Electron microscopy
Cultures were fixed in situ in 2.5% glutaraldehyde in 0.15 M cacodylate buffer, pH 7.4. They were rinsed in buffer, postfixed in 1% 0~0, in 0.1 M cacodylate buffer, pH 7.4, block stained with 1% uranyl acetate in 0.05 M acetate buffer, p H 5.0, dehydrated in ethanol, and embedded in Epon. After polymerization of the plastic, embedded cultures were removed from the culture dishes. Individual neurons were located under phase optics and marked with a scratching device held in a micromanipulator, When desired, individual neurons that had been recorded from were relocated, marked, and serially sectioned, either parallel to or normal to the plane of the culture' dish. Sections were stained with uranyl acetate and lead citrate.
RESULTS
Murphulogy
The morphologic immaturity of the fetal tissue after 13-day gestation from which these cultures were prepared is shown by light microscopic comparison of stained transverse sections of intact fetal ( Fig. 1 ) and adult (Fig, 2) mouse spinal cord. In comparison to the adult cord ( Fig. 2A) , the fetal cord was more densely packed with cellular elements (Fig. lA) and was not organized into clearly distinguishable ventral and dorsal horns, although the cells in the ventral area did appear to be slightly larger than those located dorsally (cf. Fig. 1C and 0) consistent with histogenetic data showing the earlier production of ventral neuroblasts ( 10). The dorsal root ganglion was quite large in comparison to the cord at this stage of development and contained cells larger than those seen within the cord (Fig. lA, I had not yet occurred in the fetal cord (cf. Fig. 1D and 2F) at this age.
The sequence of development and differentiation of mouse spinal neurons in cell culture has been previously described at the level of the light microscope (27). After about 3 wk in cell culture spinal neurons were stable with regard to their basic morphology and size. These mature cultures consisted of monolayer sheets of background flat cells supporting arrays of individual or clumped DRG and SC cells (Fig. 3) .
We have made separate cultures of DRG and SC and found that cells in the two types of cultures can be unambiguously identified on morphological and electrophysiologic grounds. DRG cells were characterized by round phase bright cell bodies, a scant number (usually only 1 or 2) of small-diameter processes, and sharply defined nuclei and nucleoli (Figs. 3A, B , and 4, lower left). SC cells had several large tapering processes which formed complicated branching patterns and the neuronal nuclei were usually less well defined (Figs. 3A, C, 4) . Most of the cultures we studied were combined cultures containing components from both spinal cord and dorsal root ganglia and not all neurons fit the "classical" One-micrometer Epon cross section through a 13-day-old fetal mouse spinal cord. A: lowmagnification view of entire cord and one dorsal root ganglion. Germinal ependymal cells (e) line the central lumen (*). The cellular mantle (ma) and fibrous marginal (mr) layers become the adult gray and white matter, respectively. Boxes enclosing portions of the dorsal root ganglion and the dorsal and ventral horns are shown at higher magnification in B, C, and D. A, +70; B, C, D, +750.
SC or DRG pattern. Some DRG cells were gory to which the cells belonged. The differences flattened and did not appear phase bright and discussed in the present work represent data some SC cells growing in clumps had round cell obtained from cells in which there was no ambodies and any processes they possessed were biguity of identification. Rarely, a third variety of obscured by the cellular density of the clumps.
cell was encountered which was electrically inEven in these cases, the electrophysiologic excitable (see below) and resembled glial elecriteria (see below) usually established the catements (Fig. IIA, B, D) . examples of silver-stained SC and DRG cells. distinctive physiologic or pharmacologic properThis histologic technique reliably revealed a ties would represent an extremely useful basis for greater complexity of cellular processes and infurther analysis of this culture system, but to date terconnections than could be seen using phase this has not been accomplished. optics.
The substantial anatomical diversity existing among SC cells with regard to size and Fine structure branching patterns is evident in Fig. 4 . Correla-A detailed description of the fine structure of tion of some of these morphologic features with SC and DRG cells grown in this culture system by 10.220.32.247 on November 7, 2016 http://jn.physiology.org/ will be presented in a separate paper. Here we will illustrate only a few fine structural features relevant to the physiologic observations presented in this series of papers. Figure 5A is a phase micrograph of a living cell that was recorded from in the experiments reported in the fourth paper of this series. This cell was relocated after preparation for electron microscopy and sectioned parallel to the plane of the culture dish.
Figure 5B is a composite of two low-power electron micrographs of a thin section of the lower cell. The level of the thin section shown is above most of the background cells and a major process can be seen emerging from the cell body. Figure  5C is a higher power view of an area of the major process showing synaptic boutons applied to its surface. Figures 6 and 7 are electron micrographs of sections of SC and DRG cells cut normal to the plane of the culture dish. The cell bodies and major processes lie on top of the background cells, and there is no closely applied ensheathing cell over the cell surfaces. The SC cell body and processes are studded with synaptic boutons over much of their surfaces. The only #apparent impediments to diffusion of substances applied either iontophoretically or in the bath are the presynaptic processes and boutons themselves. The DRG cell body above the level of the background cells has no presynaptic boutons impinging on it. At the level of the background cells a few vesicle-containing profiles pass near the base of the DRG cell process, but so far no structures with the characteristics of synaptic release sites have been seen. Although the possibility remains that a small number of boutons may occur on some DRG cells, there is clearly a great difference between DRG and SC cells in the number of synapses they receive.
Electrophysiology
Previous studies from this laboratory (27) have documented some of the passive and active electrical properties of mouse spinal cord and dorsal root ganglion cells in the cell culture system. In the present work we extend the earlier observations and deal in some detail with certain aspects which are important for subsequent analysis of the system.
Resting membrane potential
In mature cultures the somata of large SC and DRG cells (25-50 pm in diameter) were easily impaled with intracellular microelectrodes and could be recorded from for periods often exceeding 1 h. A comparison was made of the resting membrane potentials (RMP) of SC and DRG cells selected on the basis that the recordings were stable for more than about 1 min and that the neurons were capable of generating action potentials when stimulated at resting potential; i.e., in the absence of any steady polarizing current. Both SC and DRG cell populations had average RMP of about -50 mV in both MEM and DMEM, each of which contains 5.4 mM K+ ( Table 1 ). The RMP of SC cells was no different when recordings were made in a balanced salt solution (BSS) containing 3 mM K+, but the RMP of DRG cells was slightly, but significantly (P < 0.01) more negative in the BSS (Table 1) .
Input resistance
Membrane resistance was determined by measuring the transmembrane voltage change (AV) produced by currents (Al) passed across the cell membrane. The total cell input resistance (Rin) is defined as AVlAI. This resistance was not constant but varied as a function of membrane potential. Figure 8 shows this and illustrates the different techniques used for obtaining the data. A constant test current pulse was superimposed on varying amounts of steady polarizing current in Fig. 8A and the variation in Ri, is indicated by the different magnitudes of the voltage change produced by the test current pulses at different steady membrane potentials. The data are plotted in Fig. 8B which shows that a drop in Ri, occurs with depolarizations and with large hyperpolarizations. The decrease in &, with depolarization represents the delayed rectification characteristic of excitable cells (13) and was seen in all SC and DRG cells. The decrease in &, with hyperpolarization, or anomalous rectification (24), was seen in both SC and DR G cells, but the wide range of hyperpolarizing potentials shown in Fig. 8A and B was 4. Spinal cord cultures fixed in 10% buffered formaldehyde and silver-stained by the method of Sevier and Munger (36) . Upper row shows large, medium-sized, and small spinal cord cells (left, middle, and right panels, respectively). Lower left shows a small DRG cell with single process and branch point about 100 pm from the cell body. Lower middle and right panels show contrasting richly branched and poorly branched spinal cord cells. 20@prn calibration bar applies to all panels.
not systematically explored in all cells and we have no meaningful indication of the incidence of anomalous rectification.
A sag in the hyperpolarization elicited by a current pulse was seen in 13 of 1.5 DRG cells and this may be related to anomalous rectification, but further studies are needed to establish this point (cf. ref 14, 18) .
There was a systematic difference between SC and DRG cells with regard to the degree of delayed rectification and the voltage at which the delayed rectification became evident. Examples of current-voltage curves obtained by passing current pulses of different sizes are shown for an SC and a DRG cell in Fig. 8C . The slope of these plots corresponds to the cell resistance. The change in slope occurred close to resting membrane potential for DRG cells while larger depolarizations were required to bring out the delayed rectification in the SC cells. Values for Ri, measured at resting membrane potential and the ratio of the slope of the Z-V plot in the depolarizing range divided by the slope in the hyperpolarizing range for a sample of six SC and six DRG cells are given in Table 2 . The ratio of resistance in the depolarizing direction to the resistance measured in the hyperpolarizing direction was smaller by a factor of 3 for DRG as compared to SC cells in this population. These data are relevant to the problem of determining reversal potentials for drug and synaptic responses and will be dealt with in a later paper of this series. A more detailed treatment of such data obtained with two electrodes has been made (N. Brooks, unpublished data).
Membrane time constant and dendritic electrotonic lengths
In addition to the membrane resistance, determined from the steady-state relationship between transmembrane current and voltage, information about neuronal properties can be obtained from analysis of the time course of the voltage response to pulses of current. Generally The section passes through the nucleolus and through the proximal portion of large dendrite which continues out of the picture to the left. The bottom of the micrograph is the bottom of the culture in contact with the plate. A thin layer of dark-appearing background cells underlies the neuron. Numerous synaptic boutons and passing neurites of other cells contact the surface of the SC cell soma, but there is no ensheathing cell that covers the entire cell surface. Between the synaptic boutons in many areas the cell soma membrane is in direct contact with the culture medium. C is a higher magnification view of the portion ofA enclosed in the box. This demonstrates more clearly that vesicle-filled profiles of several morphologic types form synapselike contacts with the SC soma membrane. Bars indicate A, 5 pm; B, 25 pm; C, 1 pm. this was done by using a single electrode in a bridge circuit so that currents were passed and voltages measured with the same electrode.
Valid interpretation
of the results obtained with this technique requires that the electrode behavior be essentially ohmic and that the time constant of the transient response of the electrode be unambiguously distinguishable from the time course of the transmembrane voltage change produced by the current pulse. We present evidence that these criteria can be rigorously met under optimal conditions. Examples of membrane voltages elicited by current pulses in a DRG cell are shown in Fig. 9 (inset), and a plot of the data in a form that allows a determination of the membrane time constant is culture plate at a level just above most of the background cells. The cell process indicated by the arrow in A emerges from the cell body and extends toward the upper right of the micrograph. A second process branches from the base of the first and extends down and to the right. The box encloses an area of the cell process where a thin bundle of neurites appears to cross the large cell process. Serial sections for the electron microscope show that this thin bundle passes under the large cell process making numerous synaptic contacts on the large dendrite and with each other. C: a higher magnification view of the area of B enclosed in the box. A number of vesicle-filled profiles abut the large cell process and form structures having the morphologic features of synapses. shown in that figure. The !inear form of the semilogarithmic plot of the rate of change of membrane potential as a function of time after the onset of the current pulse indicates that the membrane is behaving as though it were a simple resistance-capacitor parallel circuit and the time constant T, (equal to the membrane resistance, R multiplied by the membrane capacitance, CI is equal to the time required for the voltage derivative to fall by a factor of l/e or l/2.7. The probably insignificant deviation of the earliest data point from the line shown in this figure was the most extreme seen in data from any of the DRG cells and, at most, represents a small contribution of the DRG processes to the passive electrical responses of these cells.
Neurons with extensive dendrites would be expected to exhibit more complex passive electrical behavior, and SC cells generally did so. This is shown in Fig. 10 . In this case, the fidelity of the bridge circuit recording was documented by penetrating the cell with two electrodes and comparing the'transient voltage response to a current step recorded with the current electrode in a bridge circuit with that recorded by the second ele'ctrode which carried no current. The two recordings were not detectably different. The graphical representation of the data reveals a FIG. 7. DRG cell cut normal to the plane of the culture dish. A is an electron micrograph of a section of the cell shown in the phase micrograph, B. The orientation ofA is perpendicular to the orientation of B. As in Fig. 6 , the section passes through the nucleolus of the cell soma. In contrast to the SC cell, the upper surface of the DRG cell has very few contacts with other cell processes. No synaptic boutons contact the cell body nor is there any ensheathing cell process. Bars in Fig. 6A and B apply. Rail (28) has provided a theoretical basis for determining the electrotonic length of neuronal processes from data such as that shown in Fig. that found for cat spinal mo toneurons in vivo (1, 4, 19, 25) , but the data from some of the cultured cells are quite comparable to analogous data obtained in vivo (25). These measurement s of dendritic electrotonic properties are important in 10. This, and related methods, have been used determining the location of synaptic input on the extensively in studies of spinal motoneurons in neuronal surface (1, 29) , and this aspect will be vivo (4, 19, 25) . The relationship between the discussed in a subsequent paper of this series total electrotonic length, L, of the cell process (31). and the two exponentials comprising the voltage A small number of cells was studied which had response of the cell to a pulse of current is L = ~lmnlG -unusually profuse multipolar processes ( (40, 42) . These cells were processes, 7~ = 3.14, and T, and T1 are the time not electrically excitable, exhibited no synaptic constant of the two exponentials shown on the potentials, and had an average RMP of -48 mV graph. Table 2 includes the membrane time con-(N = 7). The cells which were tested showed no stants and total electrotonic lengths of a small evidence of rectification (Fig. 11 C, E) 10. Time course of the transmembrane potential change elicited by a current step in a spinal cord cell. Two eIectrodes were inserted into the same cell. The current step was passed through one electrode and the transmembrane voltage response was measured both with the second electrode (trace 1 of inset), which carried no current, and with the currentcarrying electrode by use of a bridge circuit (trace 2 of inset). The calibration pulses represent 10 mV and 5 ms. The current step of ca. 1.5 nA is shown in trace 3. The bridge circuit recording is essentially undistinguishable from that obtained with the second electrode. The graph is produced in the same way as in the previous figure. The negative slope of the late portion of this graphical representation of the transient (solid line) is related to the membrane time constant. At early times the data points deviate from the solid line. The dashed line and x points represent the difference between data points and the extrapolated solid line. Interpretation in text.
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Active responses
We have confirmed the differences in the action potential configuration and capacity for repetitive firing between SC and DRG cells that have been described earlier (27) . Differences in the ionic mechanisms responsible for the action potentials in the two cell types have been analyzed in chick (5) Morphologic and physiologic characteristics of cells presumed to be glia. A, B, and D: phasecontrast photomicrographs of three cells in two different preparations which were studied electrophysiologically and found to be inexcitable. The appearance of these cells is very different from that of typical neurons. The 5@prn calibration line in A also applies to E and D. C illustrates the response of the cell in D to injected current. All of data obtained in this manner is shown in E. Note the ohmic behavior of this membrane over the range of k 32 mV. Data shown in E has been corrected to compensate for eiectrode rectification associated with current passage. This was done by subtracting the small voltage transients obtained extracellularly from those obtained intracellularly . Values are means k standard deviation. All cells bathed in MEM except six DRG cells, which were studied in a low-cl-solution containing 4 mM K ? These six cells were excluded in the calculation of average reversal potential + * The values for SC and DRG cells are statistically different (t test; P < 0.001). t-The values for SC and DRG cells are statistically different (f test; P < 0.01).
scribed here. In addition, the related phenomenon of posttetanic hyperpolarization (PTH) in DRG cells is analyzed.
Data regarding spike AHP in SC and DRG cells are shown in Table 3 . The magnitude of AHP was significantly larger in DRG cells than in SC cells. A HP magnitude in both cell types varied linearly with changes in resting potential obtained by polarizing the membrane via current passage. The AHP reversal potential determined in this manner (Fig. 13 ) was significantly more negative for DRG than for SC cells (Table 3) . In some systems AHP has been ascribed to a period of increased K+ permeability (2, 13) , and changing [K], does indeed markedly alter the AHP amplitude in DRG cells. (W. Blank and B. R. Ransom, unpublished observations) l It seems certain, therefore, that an increase in K+ permeability is involved in the-DRG AHP, but the degree to which other ions may be involved and the ionic basis for the differences between SC and DRG AHP have not been demonstrated. One simple explanation for these differences would be a smaller intracellular [K+] in SC cells. This would account for a less negative AHP reversal potential and a reduced AHP amplitude by a relatively smaller driving force for this potential in SC cells as compared to DRG cells since both cells have similar RMPs (Tables 1 and 3 ).
When pairs of DRG spikes were produced by closely spaced stimuli, the amplitude of the AHP of the second spike was not affected by the preceding activity. Even at interstimulus intervals of a few milliseconds, the amplitudes of the two A HP were essentially identical (not illustrated).
In other systems such paired stimuli result in smaller subsequent AHPs and it has been possible to identify K+ accumulation in restricted perineuronal spaces as the responsible mechanism (2, 9) . The absence of an effect of prior activity on AHP amplitude in DRG cells in culture is to be expected on the basis of the free accessibility of the DRG surface membrane to the culture medium (Fig. 7) .
P TH in DRG cells
In about half of the DRG cells tested, highfrequency trains of action potentials resulted in subsequent long-lasting hyperpolarizations (Table 4, Fig. 12 ). These posttetanic hyperpolarizations (PTHs) occurred in the presence of high levels of extracellular Mg2+, which blocked synaptic transmission (32), and were also seen in low Cl-solutions (Table 4 ). There were no reliable distinguishing characteristics between DRG cells which exhibited PTH and those which did not.
Some of the electrophysiologic features of 12. Relationship between PTH and the temporally associated conductance increase. A; linear graph of the simultaneous time courses of PTH amplitude and the concomitant conductance increase beginning at the end of the spike train (50 SK'). Inset shows the experimental record which was analyzed (RMP = -45 mV). The conductance of the cell was gauged by measuring the voltage transient (vertical deflections) elicited by injecting a 0.1~nA pulse of hyperpolarizing current every 2 s. The DRG cell's resting conductance was 1 x 10m2 pmho and increased to about 1.6 x 10L2 pmho near the peak of PTH. The arrow indicates the point at which steady hyperpolarizing current was injected across the membrane to exclude rectification as a source of the previous conductance increase. PTH in this cell had an extrapolated reversal potential of -57 mV. B: graph demonstrates the close association between the magnitude of PTH and conductance increase at any given point in time, suggesting a causal relationship between conductance increase and PTH.
PTH are illustrated in Figs. 12 and 13. This potential was accompanied by an increase in input conductance (Fig. 12A ) and the PTH magnitude and conductance increase were linearly related to each other (Fig. 12B) . In some cases, as shown here (Fig. KU) , these parameters decayed as nearly linear functions of time following a tetanus. More complicated decay phases were seen in other cells. The amplitude of PTH in DRG cells became smaller as membrane potential was polarized to more negative values (Fig. 13) . In several cells it was possible to hyperpolarize the membrane potential to a point where PTH actually reversed polarity (Fig.  13A ). PTH and AHP had similar reversal potentials (Table 4 and Fig. 13) ) suggesting a common ionic mechanism. Thus, if the reversal potential of the spike after hyperpolarization is related to the K+ equilibrium potential (see above and ref 2, 9) , then this finding implies that PTH also involves a transient increase in K+ permeability. Strophanthidin (3 x fOV4 M, Sigma) applied from coarse pipettes did not diminish DRG cell PTH in three cells where this was tested.
A distinction between PTH in SC and DRG has'been described in a preliminary communication (30). In contrast to the situation in DRG cells, an electrogenic Na pump is the dominant mechanism responsible for PTH in SC cells. A detailed analysis of electrogenic transport in SC cells stimulated by tetanic spike discharge or drug application is the subject of a subsequent report (B. R. Ransom, J. Barker, and P. G. Nelson, unpublished data) .
DISCUSSION
Methodology
The dissociating, plating, and maintenance regimen described here has been used for over 3 yr and has proved to be reliable and reproducible by morphologic, biochemical (1 l), and physiological criteria. The key elements tire accurate timing of the pregnancy to insure uniform fetal age, meticulous dissociation, accurate plating densities, and judicious use of antimetabolites to suppress overgrowth by background cells. While different lots of fetal calf serum have generally proved adequate in promoting cell growth, the horse serum has varied considerably in its effectiveness in discouraging background growth and supporting differentiated neuronal growth.
Mm-p hology
As noted in earlier studies, unequivocal maintenance of differentiated neuronal form occurs in the culture as represented by SC and DR G differences. Clearly distinctive morphologic classes exist within the SC category in terms of size and process development (Figs. 3  and 4) . The morphodifferentiation of the mouse spinal cord at the time of culturing is still in a primitive state (Figs. 1 and 2 ) relative to the adult tissue. In the l-2 mo of culture, neuronal morphology, as revealed in silver-stained material, approaches that shown for in vivo material and the electrical indicators also indicate a comparable degree of neurite length. We have no information as to the degree of intrinsic determination of the neuronal morphologies seen in the cultures as opposed to determination by local conditions in the culture dish. It seems an attractive hypothesis, however, that at least some general features of neuronal form (number of major processes, few versus many branch points, total process lengths, for instance) may represent genetically determined, differentiated Records are shown at -60 mV (resting potential) and -77 mV. Note the reduction in spike after hyperpolarization and reversal of PTH polarity which occurs when the membrane is hyperpolarized. These records were obtained in low-W solution (= 10 mM) where Cl-was replaced by S04? B: amplitude of spike after hyperpolarization (AHP) and PTH as a function of membrane potentiai. Note that AHP and PTH have nearly identical extrapolated equilibrium potentials (-95 and -96 mV, respectively). C; specimen records of data graphed in B. This cell was recorded in MEM plus 10 mM MgClg, which blocks synaptic transmission in these cultures. PTH was elicited by 40 s-l trains of spikes which were applied for about 12 s. Time calibration = 0.2 s for AHPrecords and 25 s for PTH records. PTH and AHP were not different when recorded in low-Cl-or high-Mg2+ medium as compared with normal MEM (Table 4) , properties while the specific trajectories of individual processes are determined by local conditions. Unfortunately, functional identification of SC cell types is not possible in general, and cell-separation techniques, while showing considerable promise (3) , are still relatively primitive. Such cell separation and identification procedures surely represent a major area of needed development.
As demonstrated by Fig. 5 , the cell culture system is well suited to studies correlating physiology and fine structure of individual cells. Neurons studied physiologically can be retrieved after preparation for electron microscopy, and morphologic features visible in the phase microscope can be identified and studied at the EM level.
Electruphysiology
In a previous study (27) the mean resting potential of SC cells had been found to be significantly lower than that of DRG cells. This discrepancy may be the result of different criteria for selection of the cells to be included in the RMP tabulation.
In the present study a criterion was 'that action potentials could be elicited by stimulating the cell at resting potential) whereas in the previous study stability of the recording and evidence of excitability at any steady potential were the criteria. Some SC cells with low RMPs that would have been included in the previous study were probably excluded in the present work. A smaller number of DRG cells would be in this category since they are more fragile than the SC cells and if a penetration is only partially successful and the membrane potential is low 3 steady hyperpolarizing currents will frequently not restore excitability .
We ha!/e presented some of the techniques and results which are involved in a general characterization of some of the electrical properties of SC and DRG cells. In particular, the bridge by 10.220.32.247 on November 7, 2016 http://jn.physiology.org/ technique for analysis of membrane properties, the linear analysis of neurons with processes and the nonlinear current-voltage relationship in neurons are important for further analyses presented in subsequent papers. With proper selection of electrodes and care in their use, results obtained with the bridge circuit can be indistinguishable from results obtained with independent current and voltage electrodes. As noted above, however, the bridge methodology requires constant critical evaluation in each context in which it is used.
The total electrotonic length of the SC dendrites was less than 1.7 characteristic lengths and in some SC cells, no evidence for such electrotonic properties was seen; we saw no evidence of extended dendritic structures in any of four DRG cells examined. This data is compatible with the range of morphologies found in the cultures, but detailed morphophysiologic correlations are clearly needed (and are quite feasible) to establish the validity of the analytic procedure ( 1, 19) l Our results differ from those of Lawson and Biscoe (18) who found that DRG cells were characterized by rather larger L values than other neurons in their cultures. Possible differences in culture and electrophysiologic techniques between the two studies make interpretation of the different results difficult, DRG cells exhibited a spike after hype&lar-ization which was larger and had a more negative reversal potential than that of the SC cells. This may be related to the greater degree of DRG cell delayed rectification revealed by the currentvoltage data since both the AHP and the delayed rectification in excitable cells are produced, at least in part, by a potassium conductance which is increased by membrane depolarization.
K+ conductance is also regulated by the free intracellular Ca2+ concentration in a number of systems (20), and it may be that changes in intracellular Ca2+ are involved in both the AHP and PTH. The DRG spike has a calcium component ($34) so that some increment in [ Ca2+li would be expected as a consequence of spike activity. The linear time course of PTH decay (i.e., Fig. 12A ) would be compatible with a scheme of Ca2+ accumulation during activity followed by removal of Ca2+ by a low-capacity mechanism operating at a fixed rate during the recovery process. This is in contrast to the exponential time course of PTH in SC cells where pump rate is a function of [ Na+]i (38; B. R. Ransom, J. L. Barker, and P. G. Nelson, unpubliihed observations) l During tetanic stimulation DRG cells, like SC cells, would also accumulate intracellular Na+, which must subsequently be removed. If this removal process utilizes similar mechanisms in both cell. types, then PTH and DR G cells may be partially due to electrogenic transport. The electrophysiologic data presented here suggest that this electrogenic component plays only a minor role (see discussion, ref 15). Instances where PTH decays with nonlinear kinetics, however, might be explained by the coparticipation of an electrogenic mechanism (15).
This culture system provides access to central neurons such that detailed electrophysiologic analysis of membrane properties with a minimum of complication from supporting cells is possible l Correlated morphological analysis at light and EM level is feasible. Differentiated morphologic and functional properties are maintained to a substantial degree, but it remains a major goal to document the variety of specific cell types that occur in the cell cultures and their correspondence with identifiable categories in vivo.
